Participatory approaches to genomic research manifest along a continuum from bottom-up citizen-science initiatives designed to liberate scientific inquiry from the constraints of traditional research institutional contexts and professional practices to top-down investigator-initiated studies designed to expose the public to scientific research processes and build its support and enthusiasm for genomic research. With foundations as varied as open science, crowdsourcing, patient advocacy, social media, the digitization of health, and the neoliberalization of academic research, a range of ethical frameworks inform the modes of participatory genomic research. Using illustrations from citizen genomic science, patient advocacy, and investigator-led and government-initiated genomic research efforts, we argue that as participatory genomic research pushes the conventional research boundaries toward a more democratizing ethos, it challenges scientific practices and the ethical conduct of genomic research both within and outside of the traditional sites of biomedical innovation.
INTRODUCTION
Interest in individual health management, advances in mobile technologies, and the ubiquity of social media platforms have led to heightened expectations for individuals to acquire more selfknowledge with the aim of managing their health. Whether through wearable biomonitoring tracking devices, direct-to-consumer genetic testing, or emerging models of shared decision making in the clinic, health care is moving from top-down paternalism to a patient-centered focus-no longer asking just "What's the matter with you?" but also "What matters to you?" (4) .
Paralleling this trend, biomedical research is also expanding out of the ivory tower and into garages and community laboratories, challenging the traditional academic models of science to include citizen science and scientists. Many in the traditional genomics research community have willingly embraced this expansion as a win-win-working with individuals or patient advocacy groups on their agendas; creating open, accessible data platforms; and encouraging participation through crowdsourcing for large-scale data collection.
Such novel approaches have been called public-participation, citizen-driven, crowdsourced, participant-led, participant-centric, and participant-driven genomic research, and they have varied in terms of the aspects and degrees of participation of nonscientific experts in research initiatives (13, 22, 46) . As Woolley et al. (49) argued, participatory approaches to genomic research manifest along a continuum from bottom-up citizen-science initiatives designed to liberate scientific inquiry from the constraints of traditional research institutional contexts and professional practices to top-down investigator-initiated research designed to acquaint the public with scientific research processes and build its support and enthusiasm for them. With foundational values as varied as open science, crowdsourcing, patient advocacy, social networking, the digitization of health to generate both individual and aggregate data, and entrepreneurial academic research, a range of ethical frameworks inform the modes of participatory genomic research that we describe here. Using illustrations from citizen genomic science, patient advocacy, and investigator-led and governmentinitiated genomic research efforts, we argue that as participatory genomic research pushes the conventional research boundaries toward a more democratizing ethos, it challenges both scientific practices and research ethics in novel and uneven ways.
BOTTOM-UP APPROACHES TO PARTICIPATORY GENOMIC RESEARCH
Do-it-yourself (DIY) genomic sequencing may seem far-fetched-not many people can set up the technology in their home or garage and sequence their own genomes. However, bottom-up approaches to participatory genomic research start with the premise that genomic information and science should be available and accessible to anyone, regardless of their level of training or affiliation with traditional hubs of biomedical research in academia and industry (29) . Bottom-up approaches to participatory genomic research are characterized by participants playing central roles in setting research agendas and priorities, funding research, and collecting, analyzing, and disseminating data (2, 19, 37) . These participatory genomic researchers often work from laboratories that consist of servers and computing devices as much as wet lab apparatus, relying on information-processing software for data-driven, discovery-based analysis rather than hypothesis-driven experimentation (29) . For example, the group DIYbio, which was founded on the belief "that biotechnology and greater public understanding about it has the potential to benefit everyone" (11), teaches participants to sequence their own data from cheek swabs to discover predisposition to diseases.
Given the decreasing costs and sizes of sequencing equipment, DIY whole-genome sequencing might not be as far off as it once seemed. Clive Brown believes that he is the first person to use next-generation sequencing on his own DNA (17, 18) . Of course, he works for Oxford Nanopore, the British biotech company that sent the first sequencer into space. But, he says, he is working toward making it possible for everyone to do this on their own: "With self-sequencing you are in control. Part of that means asserting your right to understand your own biology, and, in this case taking ownership of your own genetic profiles" (18) . He believes that self-sequencing could become a powerful health monitoring tool, tracking changes over time and generating a baseline for health. "We could then look for meaningful perturbations from those baselines, both within individuals and also between groups (if they share their data) and also across geographical domains," he explains (18) . By making the argument that self-sequencing can aid in health monitoring, Brown is advocating an ethic of personal responsibility for monitoring and managing one's health and risk susceptibilities, an example of what Michel Foucault has called "technologies of the self " (15) .
But with an assertion of personal responsibility for one's own health comes the potential for individuals and groups to be compelled to take on that responsibility, perhaps because public and private institutions that have historically monitored and managed population health are scaling back their roles (14) . Furthermore, as has also been argued about direct-to-consumer genomic testing (30) , the progress and potential of DIY sequencing could become a means to better health yet simultaneously creates a process that challenges traditional power relations within health care, with individuals obtaining personal health information before most primary care doctors even know how to work with genomic data. Likewise, in research, kitchen-or garage-based DIY whole-genome sequencing may compel researchers to go where the data are-and that means finding people who have genomic sequencing data and are willing to share them.
Another form of DIY participatory genomic research involves data collection through the Internet. Researchers are enlisting people who are willing to share personal health information through websites such as PatientsLikeMe (https://www.patientslikeme.com) by uploading data gathered from tracking devices or smartphones. This type of crowdsourcing gives researchers unprecedented access to large amounts of data from willing participants unbounded by geographical region. As this type of research has increased in popularity, so have numerous organizations that feed into it, such as DIYgenomics, HiveBio, Indie Biotech, and SNPedia. One recent study that examined these and similar groups argued that the missions underpinning the work of these organizations are not uniform but draw to varying degrees from a set of overlapping principles, including democratizing access to genomic information; deinstitutionalizing scientific practices, education, and outreach; increasing the affordability of genomic technologies; and reenvisioning research participation and funding (29) . By seeking to redefine genomic expertise and the ownership of data and deinstitutionalizing scientific research and its priorities, these bottom-up approaches to participatory genomic research clearly challenge the existing ethos guiding the conduct of genomic research in traditional settings in a way that is both subversive and entrepreneurial (5, 9, 10, 21) . By disrupting the hierarchy of scientific knowledge production, agenda setting, professionalism, and scientific spaces, bottom-up participatory genomic research approaches are poised to challenge the norms of the well-established genomic research enterprise (29) .
PATIENT-CENTRIC APPROACHES TO PARTICIPATORY GENOMIC RESEARCH
Whereas bottom-up participatory genomic research has emerged largely in contrast to and outside of traditional academic and commercial genomic research contexts (29) , patient advocates have long called for cooperative involvement and open governance strategies with both academic and commercial researchers through the mantra "no data about me, without me" (12) . In this vein, a recent editorial headline in Science Translational Medicine read "The Study Is Open: Participants Are Now Recruiting Investigators" (45) . In the editorial, Sharon Terry, a cofounder
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of PXE International and Genetic Alliance, calls for an end to the patient-versus-researcher model, deriding the classic image of a patient "sitting on the exam table in a flimsy johnnie-the epitome of information and power asymmetry" (45, p. 1). Instead, she advocates for the creation of "authentic" partnerships between participants and researchers on the research continuum from study design to dissemination of results, concluding, "It is my hope that we can take a new tack and use the power of grassroots leadership and disruption, crowdsourcing, and citizen science to capitalize on the best of the current system's expertise and passion" (45, p. 3).
Since the 1980s and 1990s, patient advocacy groups have partnered with scientists to build the evidence base for their causes, becoming indispensable to the scientific knowledge production process (26, 38, 39) . Although patient advocacy has historically involved starting a support group or foundation, working to empower affected individuals, and challenging scientific expertise on rare diseases, more recently patient advocacy groups have begun to use the language of collaboration to describe their interactions with genetic and genomic researchers (26, 38, 39) . Today, especially in genomics and for rare diseases, participants are finding their own investigators and raising funds for research, searching a growing number of open databases to find others whose children have a mutation in the same gene, leveraging direct-to-consumer genomic test results, and even conducting the research or experiments on their own as citizen scientists. As with coproduction in patient care, which has moved along a continuum from awareness to participation to contribution to ownership (43) , some families and patient advocacy groups are now formulating research questions and designing studies, assembling research components, disseminating findings, locating willing researchers, and acting as contributors and coinvestigators, thereby asserting more control over the genomic research process (26) . Such a movement in biomedical research is palatable to some researchers, but for others it may be received as a direct challenge to the existing order of scientific knowledge production in which the research process and data quality can be managed by certified experts (26, 29) . Nevertheless, patient-centric approaches to participatory genomic research are poised to challenge how genomic research is designed and conducted-and, ultimately, depending on how participants use their data, could transform the notions of scientific expertise and collaboration (26) . This potential will be mediated by professionals' willingness to receive genomic information in these ways and by the utility and robustness of the genetic knowledge itself.
In a collaborative approach, rare disease patient advocacy often includes individuals using social media or public databases to connect with others who might have mutations in the same gene. This participant-driven matchmaking has evolved from social media searches of parents trying to find other children with similar phenotypic features or mutations in the same gene to more formalized open-source databases. Parents are not only participating in matchmaking, but are also trying to connect with others to solve a diagnostic odyssey for their child. One early example was My Daughter's DNA, which was developed by a father, Hugh Reinhoff, as he tried to find more about his daughter's undiagnosed condition (41) . Reinhoff has been lauded as a trailblazer in inspiring other parents to participate in online communities to discuss and investigate complicated diagnoses (28) . Efforts such as this have benefited from the availability of web-based social networking platforms and the phenomenon of crowdsourcing to engage patients and their families in collecting and analyzing data (47) .
One of the most famous cases is Matt Might's 2010 blog post "Hunting Down My Child's Killer," which began with these powerful words:
This post eventually led to 15 more verified cases of NGLY1 deficiency worldwide. As the network of parents grew, Might and another father, Matt Wilsey, documented the power the parents have had in the journey of researching the disorder:
As untrained people, we are not qualified to analyze whole-exome/whole-genome data. We cannot develop a therapeutic compound. We cannot design a diagnostic assay. That being said, parents can offer observations and ideas, and we can push for solutions. Nineteen months after the initial report . . . five viable approaches to treatment are under active consideration, thanks to relentless digging by afflicted families. One parent found a compound that seems to have measurably raised the quality of life in one NGLY1 child. Another parent read about a novel (but relevant) fluorescent assay and shared it with the NGLY1 team. The team had not heard about it, but it has become a fundamental tool in the functional analysis of NGLY1. One parent has formed and funded a multi-institutional network of researchers to tackle specific projects. The capabilities of parents and the social media are frequently underestimated; we are here to say: join us! As the discovery of new diseases explodes with the deployment of NGS, we hope clinicians will consider this model seriously. (33, pp. 736-37) Chong et al. (6) reported on a similar case, a family that established the website Milo's Journey (http://milosjourney.com), a Facebook page, and a Twitter account to document phenotypic features of their child and variants of unknown significance on the KDMIA gene and to find other families, while simultaneously emailing investigators to try to persuade them to study their child's condition. This experience led the family to connect with researchers at the University of Washington Center for Mendelian Genomics, which in turn led the investigators to start a webbased portal, MyGene2 (https://mygene2.org), for families to submit phenotypic information and sequence data that would then be accessible to researchers worldwide. The researchers concluded that using this type of infrastructure to empower families will accelerate the pace of gene discovery for Mendelian conditions and that "the rapid translation of these discoveries into diagnostic tests and new starting points for repurposing or developing therapeutics would, in turn, improve the overall care of families with rare disease" (6, p. 794).
Like MyGene2, other research facilities have started databases to serve as matchmakers between patients or families and researchers. The database Genomes in Need (https://sequencing. com/knowledge-center/genomes-in-need) is an open-source database for parents that describes itself as "the first time crowdsourcing has been used to leverage the combined brainpower of the world to help decipher the genomes of children that have an undiagnosed illness" (44) .
GenomeConnect (https://www.genomeconnect.org) is a patient portal supported by the Clinical Genome Resource (ClinGen), a National Institutes of Health-funded resource that curates and annotates the clinical relevance of genomic variants for use in precision medicine and research. GenomeConnect "was developed to empower patients to help researchers and clinicians in the effort to understand the genetic contribution to health and disease . . . [and] to engage patients as partners in data sharing efforts" (1). Participants receive a unique identifier code to securely share genomic and health data and to connect with researchers, laboratories, and other patients. Approved personnel can later reidentify participants to recontact them (25) . The developers of GenomeConnect recognize that self-reported patient data are valuable resources for research and can serve as an essential educational tool, making patients aware of the importance of sharing health and genetic data in order to improve understanding, research, and development of genetic tests or therapies.
With increasing numbers of parents armed with whole-genome and whole-exome data, many new genomic matchmaking models have been created to connect people with similar phenotypes and/or mutations. One is Matchmaker Exchange (http://www.matchmakerexchange.org),
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which is supported by the Global Alliance for Genomics and Health, the International Rare Diseases Research Consortium, and ClinGen (27) . However, as Lambertson et al. (27) have pointed out, most of the people involved at this level are geneticists and informaticists, which omits a key component that can make such a network successful-participant-led matchmaking. They have further argued that participant-led matchmaking and research may be advanced by parents' use of multiple forms of communication, development of expertise, and capacity to make decisions and share information in a way that extends "beyond what institutional data holders-irrespective of their dedication-are legally and ethically allowed to disclose" (27, p. 968). Although families involved in patient-centric participatory genomic research may feel ethically compelled to use whatever tools are available to them to optimize their life chances, Lambertson et al. (27) argued for a flexible approach to participant-led genomic matchmaking that would allow participants to determine the degree of privacy risk they are willing to assume in engaging in genomic research and would allow them to change their thresholds for risk over time. Such an approach may be at odds with existing codes of research ethics that frame protecting genomic research participants' privacy as of primary importance and not worth risking for the sake of data sharing (27) . This could pose challenges for patients and families hoping to collaborate with academic and industry researchers, who are held to specific regulatory standards for the management of human subjects research data and personal health information and who pride themselves on protecting patient privacy, confidentiality, and personally identifiable information (29) . For many years, Genetic Alliance has led the way by providing a model for advocates of genetic research, with the philosophy that biological data belong to the affected individuals. Genetic Alliance and Private Access have now developed the Platform for Engaging Everyone Responsibly (PEER) to give individual research participants access to health information and the capacity to decide how much and with whom to share data. This participant-centric approach engages individuals at various points throughout the research project, which may be particularly valuable to those with rare diseases or parents on a diagnostic odyssey. Lambertson et al. (27, p. 973) argued that "it is time we not only encourage this engagement, but also build the resources to sustain it."
When individuals or families find a handful of other people-or even just one other personwith similar mutations and phenotypic features and then engage investigators to advance research and discover therapies, it can be mutually gratifying to see the realization of the goals of precision medicine when a researcher is unraveling the health complexities of an individual or group affected by a rare disease. As the above examples show, patient advocacy groups and parents of patients with rare disorders use a wide range of tools to contribute to genomic discovery and research, from initial study design through receipt of aggregate (and, more rarely, individual) study results. The approaches that these groups take range from bottom-up layperson-initiated genomic research efforts to top-down investigator-initiated research in partnership with affected families, but what they have in common is a clear focus on improving the health and lives of patients and families living with rare or undiagnosed genetic and genomic conditions. This personal and familial lens contributes to the sense of urgency in moving genomic discovery and research forward through what social theorist Patricia Hill Collins (8) has called coalitions of convenience and coalitions of conscience to give patients and families a voice at the table and to highlight the personal significance of genomic research. Coalitions of convenience may emerge out of expediency and affinity for specific issues, but shared ethics may not be central; coalitions of conscience are more likely to emerge out of necessity, commitment, and personal or collective identity, and ethics is central to the formation and critical praxis of a participatory coalition. Collins argues that coalitional politics requires recognition that different constituencies may have independent and intertwined struggles that motivate their interests in coalition building (8) . Hence, an ethos of flexible solidarity ought to constitute a core principle of coalition building in patient-centric participatory genomic research. 
TOP-DOWN APPROACHES TO PARTICIPATORY GENOMIC RESEARCH
Although personal motives drive families with rare conditions to contribute to genomic research, other motives, such as altruism and the wish to contribute to wider societal knowledge, propel those willing to contribute to larger, investigator-or government-initiated genomic research efforts (23, 35, 36) . These altruistic motives are what many large national initiatives, including the Precision Medicine Initiative (PMI), depend on for their ultimate success. One advantage of aggregating the information into large databases, as the PMI proposes, is to stratify "empiric genomic disease risk associations, and to lesser degrees, [make] generalizations from racial and ethnic ancestry" (20, p. 23) . Announced by President Barack Obama in January 2015, the PMI plans to enroll a cohort of one million volunteers, which would make it the largest longitudinal study in the United States (42) . In a rhetorical twist, in October 2016 the PMI changed the cohort's name from the PMI Cohort Program to the All of Us Research Program, evoking a sense of collective responsibility for participation in the research and altruistic actions for the public good (31) . The shift from technical words, like cohort, to the easily understood phrase "all of us" is also clearly a way for researchers to encourage public participation by avoiding stilted academic rhetoric in favor of commonly understood and accessible language. However, as Juengst et al. (20) have argued, this move may also suggest not only collective stakes, but collective obligations to participate in genomic research, which may be stronger for groups whose genomic characteristics are of particular interest to genomic researchers, such as racial and ethnic minorities who have been underrepresented in genomic research.
Another critical word choice in the PMI is its proposition to engage one million "partners." The PMI has been framed as an effort to "change the way we do research," and its promoters argue that "participants will be partners in research, not subjects, and will have access to a wide range of study results" (7) . The agreement with participants reads as if it is an all-or-nothing, take-it-or-leave-it endeavor, so even though the PMI is engaging "partners," it is unclear what degree of control they will have over what happens with their genomic, phenotypic, and lifestyle information. Participants "must be willing to contribute data freely, generously, regularly, and longitudinally, including 1) agreeing to ongoing accessibility of their electronic health records; 2) participating in and sharing results of additional clinical and behavioral assessments; 3) contributing DNA samples and other biologic specimens; and 4) participating in mobile health (mHealth) data-gathering activities to collect geospatial and environmental data" (42, p. 744) . How much engagement will each partner/participant have-or will it be up to them? Will they simply donate their biospecimens and give consent for access to their health records, or will they engage in a type of citizen science? Will they be given access to some form of technology to examine their own genomes, or will active participation be limited to some type of field reporting on health or environmental data?
Whether or not a top-down strategy to engage the public will lead to participants driving the research questions and study design remains to be seen, although there are precedents for top-down investigator-led participatory genomic research approaches. Harvard University's investigator-led Personal Genome Project calls participants in its open-access whole-genome sequencing initiative "co-drivers of the project" (3, p. 693) who work in partnership with the investigator (29) . Large initiatives like the PMI fall on one far end of the participatory genomic research spectrum, one that has been initiated and will be managed by investigators whose success hinges on significant participation and buy-in from the population. This will require the organizers of the PMI and other such initiatives to invest heavily in recruitment efforts, addressing how privacy, confidentiality, and stewardship of participants' data will be managed and protected. Trust is well understood as an essential component for prospective participants in research (49) . Loss of trust in their government puts national research projects-especially in sensitive areas, like genomics-at risk.
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One example of stakeholders joining together to promote participatory genomic research is the Melbourne Genomics Health Alliance in Australia, which brings together government support, leading health and research organizations, patients and their families, clinicians, and researchers. The alliance even engaged a community advisory group, which provided stories to patients and worked on creating an understandable consent document that resulted in 90% of participants agreeing to share genomic information for research purposes (48) . Moreover, 96% said that they felt they had enough information to make a decision about testing. These are rough measures of success but seem to corroborate the idea that a collaborative approach to genomic research endeavors can successfully enroll the number of participants that researchers need.
The participatory turn in the approaches of the PMI and the Melbourne Genomics Health Alliance acknowledges that traditional sites of biomedical research increasingly require growing pools of research participants, and government, academic, and corporate researchers are embracing populist approaches to increase the appeal of participating in genomic research processes (49) . Approaches taken vary from inviting the public to participate in online games that help solve scientific problems to tapping the public for data sampling, research funding, and knowledge transfer (24, 29) .
The top-down approaches to participatory genomic research described here illustrate the goal to "propel science within the constraints of its traditional institutional contexts, and under the supervision of professional scientists" (49, p. 3). However, cultural critic Henry A. Giroux (16) has characterized the entrepreneurial approach that academics have taken to their research in recent decades as a reflection of the neoliberal ideology embraced by universities as state and federal funding for higher education has diminished. Within the neoliberal university, research ideas are assessed instrumentally and deemed successful if they obtain external funding and increasingly strong ties between academic researchers and corporate entities are promoted (16) . The increasing neoliberalization of academic research has thus required rethinking how to fund and ensure adequate participation in genomic research, beyond the conventional government and marketbased sources of corporate and industry funding. Indeed, academic researchers explain that the instrumentalist neoliberal ideology of the university has in part led them to adopt populist and entrepreneurial participatory genomic research strategies to achieve their professional and career goals (29, 34) . As genomic researchers adapt through calculation and entrepreneurialism, and perhaps even a social responsibility to their participants, their practices raise new regulatory and ethical questions related to who constitutes an investigator, ethical research practices, conflicts of interest, credit sharing, and ownership of and responsibility for data and findings that have not been addressed systematically (29, 40) .
CONCLUSION
Participatory genomic research describes a diversity of projects with various degrees of engagement in crafting research agendas, study design, contribution of and access to data, and control of personal genomic information. At a minimum, these projects claim to want to democratize and promote public engagement with genomic science. For some groups promoting participatory genomic research, the goal is more about deinstitutionalizing science itself by "creating an alternative technical-knowledge infrastructure for genomic research and knowledge production that operates outside traditional modes" (29, p. 27 ). An example is Terry's (45, p. 3) call for "a disruptive revolution from the outside," and her hope, as quoted above, that we can "take a new tack and use the power of grassroots leadership and disruption, crowdsourcing, and citizen science to capitalize on the best of the current system's expertise and passion."
There are certainly some who want researchers to continue to keep data in the ivory tower and behind corporate walls, and others who want to take data into their own garages, to experiment at will, even if that means going against recommendations in important areas, like dissemination of genetically modified organisms, or against norms in research ethics. But to move genomic research forward on sound footing, we must recognize that participatory genomic research is already under way at various points along this spectrum and that such research may even be necessary in order to gather data from the large numbers of people needed for robust genomic studies. We should be attentive to the similarities and differences in the ethos of these efforts, which will raise new challenges for the ethical conduct of genomic research both within and outside of the traditional sites of biomedical innovation (29) . Accepting that both coalitions of convenience and coalitions of conscience can make valuable contributions to the pursuit of genomic knowledge may alleviate some of the tension to settle upon a single code of ethics and governance for participatory genomic research-whether it emerges from the bottom up, the top down, or somewhere in between.
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